We report on measurements of the disk central surface brightnesses (µ 0 ) at 3.6 microns for 438 galaxies selected by distance and absolute magnitude cutoffs from the 2350+ galaxies in the Spitzer Survey of Stellar Structure in Galaxies (S 4 G), one of the largest and deepest homogeneous mid-infrared datasets of nearby galaxies. Our sample contains nearly 3 times more galaxies than the most recent study of the µ 0 distribution. We demonstrate that there is a bimodality in the distribution of µ 0 . Between the low and high surface brightness galaxy regimes there is a lack of intermediate surface brightness galaxies.
INTRODUCTION
Observational surveys of the distribution of galaxy parameters in diverse environments provide essential constraints for theoretical models of galaxy formation and evolution (e.g. Thompson 2003) . The sample selection in these surveys needs to be as bias-free as possible to conduct an appropriate analysis. Recently a number of large surveys (e.g. Stoughton et al. 2002; Dale et al. 2009; Sheth et al. 2010 ) have been conducted with various telescopes that have led to multiple findings of bimodal distributions of galaxies in terms of color (Baldry et al. 2004; Martínez et al. 2006; Brammer et al. 2009; Whitaker et al. 2011) , star formation (Wetzel et al. 2012 ) and disk central surface brightnesses (µ 0 , e.g. McDonald et al. 2009a,b) . Bailin & Harris (2008) have even suggested a trimodal distribution for galaxy concentrations.
Surface brightness profiles were first studied in 1948 by De Vaucouleurs and later on by Sersic (1959) and Freeman (1970) . However, the first convincing evidence of a µ 0 bimodal distribution was published only a long time after by Tully & Verheijen (1997) . This study revealed that the µ 0 distribution in Ursa Major was discontinuous ⋆ E-mail: j.sorce@ipnl.in2p3.fr with a lack of galaxies of intermediate surface brightness, or alternatively that there was an excess of low and high surface brightness (L/HSB) galaxies. The authors suggested two stable modes for galaxy formation: A dominant dark matter component at all radii giving birth to LSB galaxies and a dominant baryonic matter in the center giving rise to HSB galaxies. They suggested that the low number of ISB galaxies could be the result of galaxies avoiding the situation where baryonic and dark matters are co-dominant in the center. The very few ISB galaxies could also indicate that there is a small probability for LSB galaxies to turn into HSB galaxies at some point. However, the authors expressed concerns because of possible large errors in fitting galaxy disks due to shallow K'-band observations which could lead to premature truncation of disks. As a result bulges could be partially included in fits leading to a bias in µ 0 . Later Bell & de Blok (2000) argued that the bimodality could also be an artifact due to incorrect inclination-corrections applied to the µ 0 values. They noted that the bimodality could also result from small number statistics. McDonald et al. (2009b) studied a larger number of galaxies in the Virgo cluster to overcome the problem of small number statistics and found a bimodal distribution too. However, they were hesitant to claim that bimodality is inherent to all environments because they had studied only one cluster and felt that different environments could c 2012 RAS show different behavior of µ 0 .
The goal of this paper is to address all of these issues with a study of 438 galaxies selected from the Spitzer Survey of Stellar Structure in Galaxies (S 4 G, Sheth et al. 2010) . We study the µ 0 distribution to confirm the evidence of the gap found in the Ursa Major and Virgo clusters. The confirmation of a gap can place constraints on present day galaxy distributions which are essential to the comprehension of galaxy formation and evolution. Post-Basic Calibrated Data (PBCD) used for measurements are publicly available at the Spitzer Heritage Archive website. We show that the 438 galaxies constitute a representative sample to an absolute magnitude of -15 in the 3.6 µm band of the Spitzer Space Telescope (Werner et al. 2004; Fazio et al. 2004 ). The sample extends up to 20 Mpc and includes all morphological types later than S 0 − . The key attributes of the sample are that it is a homogeneous dataset with a large number of galaxies from the field and cluster environments imaged with excellent photometry (Reach et al. 2005) . The mid-infrared wavelengths also offer a view of galaxies at very low extinction (Draine & Lee 1984) and with 4 minutes of integration time per pixel, the data are significantly deeper than anything that can be obtained from the ground for a large sample of galaxies.
We discuss the sample selection, µ measurements and corrections in the first two sections. In the next section, we discuss the bimodal distribution of µ [3.6] 0 . In the last section, we test the likelihood of obtaining a dip at ISBs from statistical fluctuations of a flat µ 0 distribution selection.
SAMPLE SELECTION
The S 4 G survey is a volume-, magnitude-, and diameter-limited
o , m Bcorr < 15.5 and D 25 > 1 ′ ) survey of over 2,350 galaxies observed with channels 1 and 2 (3.6 and 4.5 µm respectively) of the IRAC instrument (Fazio et al. 2004 ) aboard the Spitzer Space Telescope (Werner et al. 2004) . It is a very large extremely deep, representative and homogeneous sample of nearby galaxies containing all Hubble types.
We use only the 3.6 µm band data already selected before (e.g. Sorce et al. 2013 Sorce et al. , 2012b for the Cosmic Flows project (e.g. . The preference for the [3.6] band over the [4.5] band is based on the knowledge that 4.5 µm fluxes have a higher contribution from hot dust than fluxes at 3.6 µm (Sorce et al. 2012a; Meidt et al. 2012) . We extracted from the S 4 G survey every galaxy of type later than S 0 − up to a distance of roughly 20 Mpc according to the Extragalactic Distance Database 1 (EDD, Tully et al. 2009 ). This database gathers galaxy catalogs and distance measurements from several methods such as Tip of the Red Giant Branch (Lee et al. 1993; Makarov et al. 2006; Rizzi et al. 2007 ), Cepheids' period-luminosity (Freedman et al. 2001 (Freedman et al. , 2011 , surface brightness fluctuation (Blakeslee 2012) and Tully-Fisher (Tully & Fisher 1977) relations. At low redshift, surface brightnesses are independent from distances. Thus, distances used here are simple estimates derived from redshifts tethered to a Virgo infall model constrained by distance measurements. The resulting sample goes down to an absolute magnitude limit of -16 in the B band in the Vega magnitude system. This faint magnitude limit prevents the loss of low surface brightness galaxies (LSB, Zhong et al. 2008) 1 http://edd.ifa.hawaii.edu from the volume surveyed and guarantees the presence of galaxies of intermediate surface brightnesses. Figure 1 shows histograms of the sample as function of morphological type, absolute 3.6 µm magnitude and distance. The top panel in Figure 1 shows a deficit of Type-7/8 galaxies and a small excess of Type-5/6 galaxies but this is not a bias from the selection -the distribution of the full S 4 G sample shown with the dashed line also displays the same behavior. Moreover, the morphological T-type assignments from HyperLeda (Paturel et al. 2003) are qualitative with an uncertainty of δT=1. There is also no a priori expectation of similar numbers of galaxies in each category in a given volume. Figure 2 shows the angular distribution across the sky of the 438 galaxies; point sizes are set according to their distances from us.
SURFACE PHOTOMETRY

Disk-only fits
We perform aperture photometry for the 438 PBCD of the galaxy sample using the Archangel software developed by Schombert (2007) ; Schombert & Smith (2012) following the procedure in Sorce et al. (2012a) . Surface brightness profiles as a function of radius are fitted by simple straight lines between a e (radius of the isophote encompassing half of the total light in the [3.6] band) and a 26.5 (radius of the 26.5 mag arcsec −2 isophote in the [3.6] band). In rare cases, fits are adjusted by eye, if they are clearly inappropriate between a e and a 26.5 after checking that the background brightness variation is not causing any unexpected surface brightness profile changes. Figure 3 displays an example of surface brightness fit obtained with Archangel. µ 0 is obtained by extrapolation as shown by the following relationship:
This corresponds to an exponential profile L [3.6] (r) = L are the disk central surface brightnesses in intensity and magnitude units respectively. α is the disk scale length. Tully & Verheijen (1997) and McDonald et al. (2009a) were concerned about the disk-only fitting technique for bulge galaxies. However, they respectively showed that neither dropping bulge galaxies nor making a bulge-disk decomposition removed the bimodality. They also asserted that their results were not significantly affected by alternative decompositions. Fitting galaxy profiles according to their structures (bulges, bars) allows for an interplay between components that can conceal the global properties that concern this study. We use the consistent disk-only fitting technique without exception across the entire sample. De Jong (1996) showed that disk-only fits gave unbiased disk parameters relative to a 2D fit decomposition parameters within 0.5 mag arcsec −2 . Since the background (distant galaxies and zodiacal light) uncertainties lead to a small magnitude uncertainty even for IRAC ch1 (Sorce et al. 2012a) , we retain an uncertainty budget of 0.5 mag arcsec −2 for µ measurements. This leads then to a choice of bin sizes of 0.5 mag arcsec −2 for histograms of µ 
Corrections
Aperture Correction
The photometry for the IRAC instrument is normalized to a finite aperture (12") which requires aperture corrections (Reach et al. (2005) and IRAC Instrument Handbook) for large extended sources such as galaxies. The following correction 2 recommended for fluxes is applied to measurements:
2 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/ Figure 2 . Angular distribution on the sky of the 438 S 4 G galaxies. Size of the symbols shows the distance to the galaxy. The largest symbols show galaxies closer than 10 Mpc, the medium sized symbols show galaxies between 10 and 15 Mpc, and the smallest symbols show galaxies farther than 15 Mpc. (µ 0 ) and the scale length (α) are listed on the figure. Two more parameters also listed are the effective surface brightness (µ e ) and radius (r e = a e ). No correction has been applied yet to the data.The red, green and blue lines show the radii enclosing 20%, 50% and 80 % of the total light. The green ellipse on the inset image represents the 26.5 mag arcsec −2 isophote at 3.6 microns.
where F corr is the flux corrected for aperture, F mes is the measured flux, r is the aperture radius in arcseconds. The correction is very small for IRAC ch.1 where A=0.82, B=0.37 and C=0.91. For example, the disk central surface brightness of PGC7544 shown in Figure  3 becomes 18.10 after correction against 18.06 before. This is within the retained uncertainty on disk central surface brightness measurements. Hereafter, µ designates the disk central surface brightness corrected for aperture. It results from the fit of the corrected surface brightness profile.
Inclination Correction
Inclination effects are quite confusing at optical band because the path length of observed surface brightnesses varying with the line-of-sight, and extinction work in opposite way on measured µ 0 values. At 3.6 microns we can assume the obscuration to be negligible and therefore only the geometric effect of the inclination on surface brightnesses needs to be taken into account. We measure the face-on µ [3.6],a 0 as follows:
with C [3.6] =1 assumed for a transparent system. µ is the disk central surface brightness corrected for aperture corrections above (Eqn. 2).
The Ursa Major Cluster
To test the measurements of µ 0 at 3.6 µm to that obtained in previous papers, we retrieve the available 43 of 78 previously used Ursa Major galaxies (Tully & Verheijen 1997 ) from the Spitzer archive. 16 of these galaxies are from the Carnegie Hubble Program (Freedman et al. 2011 ) and 27 are from the S 4 G survey. µ 0 values obtained with our procedure at 3.6 microns in the AB system are compared to values obtained in the K' band in the Vega system from the 1997 paper in the top panel of Figure 4 . The µ 0 distributions are shown in the middle and bottom panels of Figure 4 for the 43 galaxies in common with the previous studies. The bottom panel also shades the galaxies according to their typeone immediately sees that the early type galaxies have a higher µ 0 (ie, are usually HSBs) compared to the usually lower surface brightness late type galaxies demonstrating the known strong correlation between morphological type and the disk central surface brightness. The previous studies found values for LSB and HSB peaks in the K'-band at about 19.7-20.0 for LSBs and 17.3-17.5 for HSBs (mag arcsec −2 in the Vega system). We find values of 22.5 and 19.5 for LSBs and HSBs at 3.6 µm but in the AB system as shown in Figure 4 . A conversion between the Vega and AB systems re-establishes the proper relative positions between peaks in the K' and [3.6] bands. Namely, at 3.6 microns, peaks are located at smaller values in the Vega system ([3.6](Vega) = [3.6](AB) − 2.785) (Sorce et al. 2012a) than in the K' band in the same system. A single gaussian model of the µ 0 distribution can be rejected at more than the 99% confidence level while the significance of a double gaussian modeling is quite high (54%). However these 43 galaxies do not constitute a complete sample and cannot lead to a universal conclusion about the bimodality we seek to test. Still the comparisons show that our procedure gives results similar to the previous studies and does not introduce any particular bias.
RESULTS
A Lack of Intermediate Surface Brightness galaxies
The entire µ [3.6],a,i 0 distribution for the 438 galaxy sample from S 4 G is shown in Figure 5 . It reveals a hint of bimodality -There is a lack of galaxies between 21 mag arcsec −2 and 22 mag arcsec −2 (less than 45 galaxies versus more than 60 galaxies at the peaks). We fit this While the significance level (s) of the F-test (F) for the double gaussian is high, the single gaussian modeling can be rejected at more than the 99% confidence level. Bottom: Distributions of the type greater than 6 galaxy disk central surface brightnesses (dashed histogram) and type smaller than 6 galaxy disk central surface brightnesses (plain histogram) for the available galaxies of the Ursa Major cluster.
distribution with a double gaussian assuming a population with µ 0 greater than 21.5 mag arcsec −2 and a population with µ 0 less than 21.5 mag arcsec −2 -roughly reflecting a LSB and HSB population respectively (see top panel in Figure 6 ) . This model has a much higher significance (can only be rejected at a 21% confidence level) compared to a simple gaussian model which can be rejected at a 55% Figure 5 . Histogram of the aperture-inclination corrected disk central surface brightnesses. A gaussian fit (dotted line) to the distribution can be rejected at the 55 % confidence level (F=F-Test, s=significance level) while a sum of two gaussians respectively from the modelings of LSB and HSB disk central surface brightness subsample distributions can be rejected only at the 21% confidence level (dashed line) supporting the bimodality seen previously.
confidence level.
As shown in the top panel of Figure 6 , the ad-hoc limit of 21.5 mag arcsec −2 matches well with the well known fact that LSB galaxies are in general of late Hubble type while HSB galaxies are in general of early Hubble type (e.g. de Jong 1996) . In this figure, the LSB galaxies appear only for types later than the Scd type. The bottom panel of Figure 6 shows the µ 
Selection criteria
Since the double gaussian modeling can be rejected as a model for the total sample at the 21% (against 55% for the single gaussian modeling) confidence level, we next define selection criteria to understand better which galaxies are in the gap and what might be causing a bimodality.
Close Neighbor
Galaxies with a close neighbor (d < 80 kpc) can undergo interactions which can potentially modify their µ 0 values. If there are only two parent populations (HSB and LSB types), then mergers / interactions could move galaxies into the gap separating the HSB and LSB galaxies (Tully & Verheijen 1997) . We remove galaxies with close neighbors to test the postulate that this will increase the bimodal nature of the µ 0 distribution.
We assume that a galaxy with a velocity, v, has a "close neighbor" whenever there is another galaxy within 80 kpc with a velocity equal to v± 200 km s −1 . We find only a few galaxies with close neighbors as shown on Figure 7 . The remaining "isolated" sample consists of 411 galaxies.
The distribution of the 27 galaxies with close neighbors looks quite flat -although the numbers are too small to investigate the nature of the distribution. Quite a few of the 27 galaxies are in the gap. This agrees with the hypothetical scenario proposed by Tully & Verheijen (1997) in which LSB galaxies tend to turn into HSB galaxies progressively going through a stage as intermediate surface brightness galaxies due to an interaction with a neighbor. 
Inclination
Next we explore the effect of inclination corrections as noted by Bell & de Blok (2000) . According to them, the effects of dust and projection geometry may not be negligible, even in the mid-infrared: 1) averaging ellipse surfaces at high inclinations to obtain µ 0 may result in a systematically smaller value (Huizinga 1994) , 2) assuming a thin, uniform, slab disk at high inclinations may lead to incorrect conclusions because three dimensionality of stellar structures affects the inclination correction in non-trivial ways. It is difficult to characterize the surface brightnesses of edge-on galaxies because integrating along the line of sight may hide the effects of sub-structures like bars and spiral arms (e.g. Mosenkov et al. 2010) . No precise method exists for correcting such effects and the coefficient C [3.6] in equation 3 itself may vary with galactic radius. In absence of a correct (or even better) method to correct for inclination, we decided to remove every galaxy with an inclination greater than ∼ 73 o ( b a =0.35) 3 leaving us with 292 galaxies. Figure 8 displays the bimodal distribution of this refined sample along with the distribution for the "edge-on" galaxies. The inclined galaxies are well-described by a single gaussian that peaks in the previously observed gap between the HSB and LSB galaxies. The remainder of the sample is well-fit with a double gaussian model which cannot be rejected at more than the 16 % confidence level with the F-Test.
Axial Ratio
An error in the axial ratio is another source of error in the inclination correction we apply to get the face-on µ value. An error of 0.2 in the axial ratio leads to an error of about 0.5 mag arcsec −2 . Archangel axial ratios are the means of the axial ratios of the fitted ellipses to galaxies between 50% and 80% of their total luminosities. We remove every galaxy whose Archangel derived ratios differ from that found in HyperLeda database (Paturel et al. 2003 ) by more than 0.2. The resulting distribution of µ [3.6],a,i 0 is shown in Figure 9 . Where the axial ratio between the HyperLeda values and that measured by Archangel in the S 4 G data are similar (408 galaxies), the bimodal distribution is still visible. There are fewer LSB galaxies in this plot compared to the original Figure 9 . Distribution of µ [3.6],a,i 0 separating galaxies which "Archangel axial ratios" differ by more than 0.2 from "HyperLeda axial ratios" (dashed histogram) from which that do not (plain histogram). The total sample is modeled by a sum of two gaussians (dashed line) (F=F-Test, s=significance level). histogram after dropping galaxies inclined by more than 73 o , with a neighbor closer than 80 kpc and those with an axial ratio different by more than 0.2 between HyperLeda and S 4 G data. A double gaussian (dashed line) clearly fits the distribution far better than a single gaussian (dotted line) (F=F-Test, s=significance level).
because LSB galaxies are the ones most affected by a change in observations (optical versus mid-infrared). The double gaussian modeling cannot be rejected at more than the 19% confidence level.
Combination of selection criteria
If we now combine the three selection criteria (isolated, non-inclined galaxies, with similar axial ratios in the optical and mid-infrared) we get a sample of 249 galaxies. Figure 10 shows the µ [3.6],a,i 0 distribution for this highly refined sample and clearly shows the bimodality. The double gaussian modeling now cannot be rejected at more than the 19% confidence level according to the F-Test. On the contrary, the single gaussian modeling can be rejected at a 81% confidence level with the same test. Thus we conclude that the µ [3.6],a,i 0 distribution of the sample is bimodal and that there is a lack of intermediate surface brightness galaxies.
DISCUSSION
Likelihood of getting a dip at Intermediate Surface Brightness
The different results of previous sections demonstrate strongly that the µ distribution of 700 galaxies with µ 0 between 19 and 24 mag arcsec −2 . We chose a flat distribution in agreement with the current description of disk central surface brightness distribution (McGaugh et al. 1995; McGaugh 1996) . This flat distribution has an upper brightness limit to disk central surface brightnesses that must have a physical origin (Freeman 1970 ) and a lower brightness limit due to observational limitations in the simulations. Each 1 mag arcsec −2 size bin contained the same number of galaxies. We randomly selected 249 galaxies from that distribution and looked at the likelihood of obtaining a gap between two peaks. We repeated the selection 10,000 times and retained only simulations with a gap between two peaks and a number of galaxies in the gap no greater than 50 % the number of galaxies in the peaks. This is approximately what we observe in Figure  10 . Table 1 lists the histogram parameters of the 9 simulations out of the 10,000 simulations which showed a distribution similar to the observed bimodality we observed in the 249 galaxy sample. The last line corresponds to the mean values for the 9 simulations. Thus the likelihood of randomly obtaining the observed bimodality is only ∼ 0.1 %.
Comparisons with the literature
In the Vega system, peaks have been found at 17.5-18 and 20 mag arcsec 2 for both Virgo and Ursa Major Clusters in the K' band and in the H band respectively (Tully & Verheijen 1997; McDonald et al. 2009a,b) . The gap found in between has a width of one unit in magnitude per arcsecond square and is located at ∼19 mag arcsec −2 . In this study, at 3.6 µm in the AB system, the observed bimodal distribution shows two peaks at 20.5 and 22.5 mag arcsec −2 and a gap of width 1 mag arcsec −2 at 21.5 mag arcsec −2 in between. This excellent agreement between the studies, including the shift to smaller values when moving towards longer wavelengths (visible after applying the ABVega system conversion) already shown in Figure 4 of the 1997 paper, is a strong evidence for an inherent bimodality in the local galaxy population.
Two stable modes?
The results reveal a clear separation between µ [3.6] 0 of HSB and LSB galaxies. The former are probably dominated by baryonic matter at their centers whereas the latter are likely dark matter dominated at all radii (Tully & Verheijen 1997) . Along with a lack of intermediate surface brightness galaxies, the data suggest that the two (L/HSB) peaks signify two stable configurations of galaxy formation (Mestel 1963) . Systems that retain large angular momentum from their formation may prevent the baryonic matter from collapsing to form a stellar disk that could dominate the dark halo at the galaxy center. These systems may reach a rotational equilibrium at densities where the dark matter halo remains dominant and the galaxies appear as LSB galaxies. On the other hand, galaxies with low angular momentum, either because of their formation or because they transferred their angular momentum away from much of their gas, allow baryonic matter to collapse and form disks that can dominate the dark matter halo at the center. This hypothesis is supported by the differences between typical LSB and HSB rotation curves. LSB galaxies reach flat rotation at very large radii from their centers (Swaters et al. 2010 ) whereas HSB galaxies reach their maximal rotation speed at, or within, r=2.15α where α is the disk scale length (Courteau 1997) .
The gap between the two peaks suggests that galaxies tend to avoid being in a situation where the dark matter and the baryonic matter have equal weight in the center. The few galaxies present in this gap may be transitioning from LSB to the HSB galaxies as suggested by the experiment with the close neighbor pairs. Eventually all galaxies that undergo interactions may end up as HSB galaxies so that the peak of HSB systems should be higher than the LSB peak in environments where interactions are common.
CONCLUSION
We selected 438 galaxies from the "Spitzer Survey of Stellar Structure in Galaxies" (S 4 G) to measure the disk central surface brightnesses. The data were processed and extracted with the Archangel software and the measurements were corrected for aperture and inclination effects. The resulting µ We examined the effect of three criteria (inclination, close neighbors and axial ratio measurements) on the µ [3.6],a,i 0 distribution. The bimodalilty did not change significantly when removing close neighbors or galaxies with significantly different axial ratios between our measurements and those in HyperLeda. However, the bimodality was most clearly evident when removing highly inclined galaxies, refuting the hypothesis that inclination-correction could be a cause of the bimodality. After removing galaxies prone to any of these three caveats, the refined sample of 249 galaxies (still 1.5-4 × larger than previous studies) showed a clear bimodality that cannot be rejected at more than a 19 % confidence level. The gap between the two populations is also shown not to be a statistical fluctuation at a better than 0.1% probability level. In particular, the excellent agreement in the position of the gap between this study and previous studies reinforces the finding of the bimodality in the µ 0 distribution. The one magnitude gap between HSB and LSB populations is statistically improbable and it occurs where anticipated by prior studies with other samples.
Our 438 galaxy sample is representative of all galaxies later than S 0 − in the half of the sky at the Galactic poles within the volume extending to 20 Mpc and brighter than M B = −16. The galaxies lie in clusters, groups, and the field. The bimodality in disk central surface brightnesses first found in moderate and high density regions is found to be pervasive. Galaxies can be HSB or LSB but they avoid an intermediate state. This phenomenon must have a physical explanation, one that probably will give an important clue regarding the process of galaxy formation. (1) Number characterizing the simulation out of 10,000. Only simulations with two peaks and a gap in between are selected. The number of galaxies in the gap has to be at most 50 % the galaxy number in peaks. Only 9 out of 10,000 simulations are similar to the observed bimodality. In other words, there is only a ∼ 0.09 % probability that the bimodality is due to a statistical fluctuation. (1) - (2) Value and Position of the first peak, (3) -(4) Value and Position of the second peak, (5) - (6) Value and Position of the gap, (7) - (8) Percentage of galaxies in the gap with respect to the number of galaxies in the first and second peaks respectively.
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